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ABSTRACT
The advent of next generation sequencing has brought a revolution in the sequencing and availability of whole genome 
data for numerous plant species. However the genome sequencing of major staple food crops has been noticeably obscure 
and till relatively recently majorly unaccomplished. The obstacles for sequencing of genomes of the Poaceae grasses 
including sugarcane and the Triticeae wheat, barley and rye has been largely ascribed to the complex polyploid nature 
of their genomes, having undergone numerous evolutionary changes duplications and additions resulting in their huge 
modern genomes of today. Undertaking their sequencing has been a daunting task however due to the sequencing of wild 
grass relatives such as Brachypodium and Aegilops has been an encouraging step providing an essential framework and 
reference for deciphering the complex genomes particularly Triticum aestivum. This paper discusses the major challenges 
involved, the approaches taken and the up to date accomplished tasks for sequencing a few of the major large grass crop 
genomes.
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Introduction
Since the introduction of next generation 
sequencing large and complex plant genome projects 
have been undertaken and their complex genomes 
sequences deciphered. Of considerable importance in 
today’s world with a population expected to be greater 
than 9 billion by 2050 (Foley et al. 2011), cereal 
plants have attained special attention in having their 
genomes sequenced. It all began after the model plant 
Arabidopsis was sequenced in 2000 (The Arabidopsis 
Genome Initiative 2000), followed by one of the three 
major cereal plants harbouring the smallest genome, 
rice (Oryza sativa) (Yu et al. 2002). Due to the small 
genome size of rice its entire genome sequence was 
unravelled by BAC to BAC sequencing. However the 
large genome size and high repeat content of the other 
grasses posed obstacles in their genome sequencing. 
Only relatively recently due to the advancement and 
introduction of next generation sequencing has the 
rush towards crop genome sequencing been re-kindled. 
Several years after the genome sequencing of rice, with 
the improvement in technology other larger cereal 
grass species including sorghum (Paterson et al. 2009), 
Brachypodium (Vogel et al. 2010), barley (Mayer et al. 
2012) and maize (Schnable et al. 2009) were sequenced 
and continues till today as a race for sequencing the 
larger genome grasses. This was the start of a difficult 
and laborious journey towards the initial steps towards 
genome sequencing of all the major cereal crops of the 
world notably the most important being bread wheat 
(Triticum aestivum) (Brenchley et al. 2012; Mayer et al. 
2014). It is however interesting to note that the second 
cereal grass to be sequenced maize was incompletely 
sequenced in 2009 by BAC to BAC approach and not 
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whole genome shotgun sequencing, due to its high 
repeat content (Feuillet et al. 2011). This is similar to 
the problem posed by the bread wheat genome. This 
report sheds light on the very latest advancements 
of plant genome sequencing, its applications and 
milestones reached. For convenience only the latest 
research in cereal crop plants and the progress on the 
grass sugarcane will be discussed here.
Crop genome sequencing and 
the impact of NGS
The ever increasing human population coupled 
with fluctuation in the global climate all pose threats 
to global annual crop yield and demand (Foley et al. 
2011). Conventional molecular breeding techniques 
for crop improvements would alone prove insufficient 
for meeting the ever increasing demands of the world 
population. The breakthrough in efforts for increasing 
plant yield came with next generation sequencing. The 
advent of NGS and its use for sequencing plant genomes 
revolutionized the approach towards crop genetics and 
genomics. With sequencing multiple reads in parallel 
NGS changed the face of functional genomics with its 
massive amount of output data in the form of sequence 
reads (Pareek et al. 2011). With considerable reduction 
in cost, and the large scale of this technology plant 
food species were sequenced by the dozen (Bolger et 
al. 2014). Combining NGS with precise phenotyping 
techniques result in rapid and powerful tools for genetic 
identification of agriculturally significant traits and the 
prediction of the breeding value of plant individuals in 
a population (Varshney et al. 2014).
Whilst the genome sequencing of many non-
cereal plant genomes underwent completion with 
the introduction of NGS, the main staple food crops 
remained hidden from mainstream sequencing efforts 
and initiatives. All three main food crops of the 
Triticeae namely, wheat and rye and until very recently 
barley, have not had their genomes readily sequenced 
and available for molecular breeding applications, 
contrary to the many non-plant species (Graph 1), 
(Bolger et al. 2014). As outstanding and popular as 
next generation sequencing has become in recent 
years undeniably due to its unique advantages and 
breakthrough technology, next generation sequencing 
platforms still have a long way to go before the final 
draft of the whole genome sequence of immensely 
essential staple crops such as bread wheat is completed. 
The second and third generation sequencers will 
have to undergo tremendous technological evolution 
similar to the way the cereal grasses underwent major 
evolutionary events to form into their giant present 
day genomes. 
Barley (Hordeum vulgare) with a 5 GB genome 
was sequenced relatively recently in 2012 (Mayer 
et al. 2012). The diploidy of barley and three times 
smaller genome than Triticum aestivum are essentially 
contributing factors towards the availability of its 
genome sequence.
Rye (Secale cereale) a close relative of Triticum 
aestivum has an 8 Gb genome. Despite it also having 
a prominently vast genome, chromosome survey 
sequencing, high throughput transcript mapping 
alongwith exploiting the genome data of the sequenced 
grasses rice, sorghum and Brachypodium, resulted in 
a virtual linear gene order draft harbouring 31,008 rye 
genes. The application of sequenced grass genomes in 
syntenic analysis of huge plant genomes enables high-
density genome wide comparative syntenic analysis. In 
rye this has enabled the identification of 17 conserved 
syntenic linkage blocks in both rye and barley and vivid 
dissimilarities in conserved syntenic gene content with 
an ancestral Triticeae genome (Martis et al. 2013). 
Wheat with its gigantic allohexaploid genome 
consisting of 3 subgenomes A, B and D comprising a 
total of 17 Gb provides a huge obstacle in sequencing 
of its genome. Such a massive genome 5 times larger 
that of the human genome with an 80-90% repeat 
content (similar to rye and barley) is a daunting task. 
Still however efforts have been made to sequence the 
non-repetitive content of wheat to a 5X coverage. 
The sequence data of assembled Illumina reads of 
Ae. tauschii and T. monococcum were utilized for the 
gene assembly of the 5X coverage of Triticum aestivum 
cultivar Chinese Spring (Brenchley et al. 2012). 
Despite this, the sequencing and alignment of the 
uniform distribution of repetitive content in the wheat 
genome in long arrays and parallel copies is beyond the 
ability of next generation platforms and thus repetitive 
and intergenic remain un-assembled.
Accomplished projects of NGS
Despite the cumbersome genome of wheat and the 
shortcomings of current next generation sequencers in 
terms of sequencing large repetitive genomes, progress 
has been made in terms of reading the genomes and 
gene content of Triticeae. One important aspect here 
has been of the chromosome sorting with the isolation 
of individual purified chromosomes used in shotgun 
sequencing or in creating BAC libraries (Bolger et al. 
2014). As aforementioned creating a reference genome 
sequence for Tritcum aestivum has been unrealised 
owing to the repetitive nature of its genome. With 
the availability of the EST and unigene and cDNA 
database for Triticum aestivum studies on microarray 
gene expression and targeted gene association have been 
© Plant Breeders Union of Turkey (BİSAB)
3(2015) 1-2:1-7
facilitated. The availability of the genome sequence of 
Triticum urartu, Ae. tauschii the progenitors of A and D 
wheat genomes, through high throughput sequencing also 
proved to be a hallmark in the progress on  unravelling 
bread wheat genome. Through the relentless efforts of the 
International Wheat Genome Sequencing Consortium of 
which we are a small part a draft sequence of prepared 
of T. aestivum has been prepared approximately more 
than 95% of the genes of Chinese Spring cultivar of 
bread wheat. However an indepth detailed sequence 
of only one chromosome 3B is available. This draft 
sequence of wheat was prepared through sequencing 
of the individual flow-sorted chromosome arms. 
124,201 gene loci have been annotated throughout the 
homeologous subgenomes. For survey sequencing each 
chromosome arm of the genome was sequenced with 
Illumina platform to a depth between 30X and 241X. 
These sequence assemblies cover roughly 61% of the 
genome in the form of survey sequences. The repetitive 
DNA comprised of 24 to 26% of the sequence reads 
and contained high copy number repeats. From the raw 
reads 81% and from the assembled sequences 76.6% 
contained repeats. Notably genome A contained more 
retroelements (Class I elements) and a pronounced 
abundance of LTR retrotransposons in comparison to 
genome B or D. From the protein coding genes a total 
of 44%, (55,249) were termed as high confidence from 
those assigned to the chromosome. (Mayer et al. 2014).
One of the recently accomplished resequencing 
of genomes has been of sorghum. Although initially 
sequenced in 2009, lately a high coverage resequencing 
of genomes of 44 lines of sorghum from diverse 
geographical origins has been presented, depicting 
the primary gene pool. The genome of S. propinquum 
was resequenced for the first time and 8M high quality 
SNPs were identified along with 1.9M indels indicating 
distinctive events of gene loss and gain. From the 
representation of the largest high-quality indel and SNP 
data for sorghum intricate domestication events were 
observed along with a large pool of diversity (Mace et 
al. 2013).
Similar to the resequencing of diverse racial 
accessions of sorghum, deep sequencing of 6 divergent 
lines of Brachypodium distachyon was undergone to 
analyse polymorphisms and gene expression. mRNA-
Seq was performed under normal conditions and 
drought stress through which 300 genotype dependent 
genes were identified. A de novo transcriptome 
assembly was created with the most divergent line 
with the mRNA-Seq dataset. This remarkably resulted 
in more than 2400 previously unannotated transcripts 
along with hundreds of newly discovered gene absent 
in the reference genome (Gordon et al. 2014).
Though not a cereal, but a major food, grass crop 
and a relative of sorghum nevertheless sugarcane is also 
a complex genome crop whose genome is too complex 
for the whole genome shotgun approach. Sugarcane 
also harbours a largely repetitive and complex genome 
with a monoploid genome size of 930Mb. Interspecific 
crosses generating hybrid cultivars of sugarcane having 
complex polyploidy and aneuploidy produce genomes 
with great variation in their repetitive content and 
regions. Therefore gene enrichment using methyl 
filtration in order to enrich euchromatic regions was 
used for genome sequencing and assembly preparation. 
The availability of the sorghum genome sequence 
has facilitated the sequencing of sugarcane genome 
with conserved sequences having greater than 85% 
similarity between orthologs and the methyl filtered 
assembly obtained covered 98.4% of the sorghum 
coding sequences. This highly novel sequencing 
approach opens doors for sequencing of complex 
genomes with hypomethylated gene regions (Grativol 
et al. 2014). A complete list of the major food grasses 
with the approaches and accomplished milestones in 
genome sequencing is listed in Table 1.
Advantages and applications of 
plant genome sequencing
As mentioned earlier the whole genome sequence 
of crop species largely made possible due to NGS pro-
vide a not only a reference genome for unsequenced 
and/or large and complex grass genomes but also are 
reservoirs of genomic information to be manipulated 
for plant breeding strategies (Kurtoglu et al. 2014). The 
easy availability of relatively small noncomplex plant 
genome sequences by the progression in next genera-
tion sequencing has catapulted crop domestication stud-
ies, particularly in understanding the phenotype-gen-
otype interaction. Genetic mapping of desirable traits 
has been facilitated by genotyoing by NGS through 
genome-wide SNP analysis. This has implications 
in GWAS studies, biparental crosses and intercross-
es between parental lines of diverse origin. Genome 
resequencing can also identify genomic regions with 
low nucleotide diversity and linkage disequilibrium as 
genomic regions selected during domestication (Olsen 
and Wendel 2013). 
Despite the limitations of next generation 
sequencing in sequencing the cumbersome wheat 
genome, the previous few years have witnessed a 
substantial increase in the amount of wheat genomic 
sequence data available publicly. Integrating whole 
genome sequencing and physical mapping will lead 
to a huge reservoir of wheat sequence data upon 
which a reliable reference genome sequence can be 
4bitki ıslahçıları alt birliği
w w w. b i s a b . o r g . t r
Ta
bl
e 
1.
 C
hr
on
ol
og
ic
al
 O
rd
er
 o
f 
Im
po
rt
an
t C
er
ea
l C
ro
p 
ge
no
m
es
 s
eq
ue
nc
ed
 (
in
cl
ud
in
g 
th
e 
gr
as
s 
su
ga
rc
an
e)
.
Y
ea
r
G
ra
ss
Si
gn
ifi
ca
nc
e
Se
qu
en
ci
ng
 
P
la
tf
or
m
Se
q-
A
pp
ro
ac
h
G
en
om
e 
Si
ze
P
ro
te
in
 C
od
in
g 
G
en
es
T
ot
al
 C
ov
er
ag
e
20
02
O
ry
za
 s
at
iv
as
sp
 ja
po
ni
ca
(G
of
f 
et
 a
l.,
 2
00
2)
L
on
g 
gr
ai
n 
ri
ce
M
eg
aB
A
C
E
 
ca
pi
ll
ar
y 
D
N
A
 
se
qu
en
ce
rs
(r
an
do
m
 f
ra
gm
en
t)
w
ho
le
-g
en
om
e 
sh
ot
gu
n 
se
qu
en
ci
ng
42
0 
M
bp
14
,3
45
 h
ig
h 
ev
id
en
ce
93
%
20
02
O
ry
za
sa
ti
va
 s
sp
 in
di
ca
(Y
u 
et
 a
l.,
 2
00
2)
pa
te
rn
al
 c
ul
ti
va
r 
of
 s
up
er
-
hy
br
id
 r
ic
e,
 L
ia
ng
-Y
ou
-P
ei
-J
iu
 
(L
Y
P
9)
,s
ho
rt
 g
ra
in
 r
ic
e 
m
os
t 
w
id
el
y 
cu
lt
iv
at
ed
 in
 C
hi
na
H
ig
h 
th
ro
ug
hp
ut
 
ca
pi
ll
ar
y 
m
ac
hi
ne
 
M
eg
aB
A
C
E
 1
00
0
W
ho
le
-g
en
om
e 
S
ho
tg
un
 s
eq
ue
nc
in
g
46
6 
M
b
53
,3
98
 p
re
di
ct
io
n
92
%
 f
un
ct
io
na
l c
ov
er
ag
e
20
09
So
rg
hu
m
 b
ic
ol
or
(P
at
er
so
n 
et
 a
l.,
 2
00
9)
A
fr
ic
an
 g
ra
ss
 r
el
at
ed
 to
 m
ai
ze
 a
nd
 
su
ga
rc
an
e
A
B
I 
37
30
, M
eg
a,
 
S
an
ge
r
W
ho
le
 g
en
om
e 
se
qu
en
ci
ng
, S
an
ge
r
70
0-
77
2 
M
b
27
,6
40
 b
on
a 
fi
de
 
pr
ot
ei
n-
co
di
ng
 
ge
ne
s
13
.5
X
 c
lo
ne
, 8
.5
0x
 s
eq
ue
nc
e,
 
11
x 
B
A
C
 li
br
ar
y 
co
ve
ra
ge
20
09
Z
ea
 m
ay
s 
ss
p 
m
ay
s
(S
ch
na
bl
e 
et
 a
l.,
 2
00
9)
M
ai
ze
 g
en
om
e 
B
73
--
--
-N
/A
--
--
B
A
C
-b
y-
B
A
C
 
sh
ot
gu
n 
se
qu
en
ci
ng
2,
30
0M
bp
 
2.
3G
b
10
9,
56
3 
an
no
ta
te
d 
lo
ci
~3
8%
20
10
B
ra
ch
yp
od
iu
m
 d
is
ta
ch
yo
n 
(V
og
el
 e
t a
l.,
 2
01
0)
S
m
al
l F
oo
t, 
m
od
el
 o
rg
an
is
m
 f
or
 
m
on
oc
ot
s,
 w
il
d 
re
la
ti
ve
 o
f 
w
he
at
Il
lu
m
in
a 
G
A
II
x
W
ho
le
 g
en
om
e 
S
ho
tg
un
,  
D
ee
p 
se
qu
en
ci
ng
27
2.
1 
M
b
25
,5
32
 lo
ci
9.
43
 X
20
12
H
or
de
um
 v
ul
ga
re
 (
cv
.)
 M
or
ex
 
(K
la
us
 F
 X
 M
ay
er
 e
t a
l.,
 2
01
2)
B
ar
el
y,
 f
oo
d 
cr
op
Il
lu
m
in
a 
G
A
II
x
W
ho
le
 g
en
om
e 
S
ho
tg
un
, R
N
A
-s
eq
5.
1 
G
b
14
,4
81
 
lo
w
-c
on
fi
de
nc
e 
ge
ne
s
55
.4
 f
ol
d 
ha
pl
oi
d 
ge
no
m
e 
co
ve
ra
ge
20
12
Tr
it
ic
um
 a
es
ti
vu
m
 
(B
re
nc
hl
ey
 e
t a
l.,
 2
01
2)
B
re
ad
 w
he
at
, m
ai
n 
st
ap
le
 f
oo
d 
of
 th
e 
w
or
ld
, h
ex
ap
lo
id
, l
an
dr
ac
e 
C
hi
ne
se
 S
pr
in
g
R
oc
he
 4
54
 
py
ro
se
qu
en
ci
ng
/
Il
lu
m
in
a
W
ho
le
 g
en
om
e 
se
qu
en
ci
ng
, s
an
ge
r
17
 G
b
54
,3
68
 (
~5
6%
)
be
tw
ee
n 
23
X
 a
nd
 8
3X
 o
f 
no
n-
re
pe
ti
ti
ve
 r
eg
io
n
20
13
A
eg
il
op
s 
ta
us
ch
ii
(J
ia
 e
t a
l.,
 2
01
3)
G
oa
t G
ra
ss
 W
il
d 
re
la
ti
ve
 o
f 
 T
. 
ae
st
iv
um
, D
 g
en
om
e 
pr
og
en
it
or
, 
A
cc
es
si
on
 A
L
8/
78
R
oc
he
 4
54
 (
lo
ng
 
re
ad
s)
 I
ll
um
in
a
W
ho
le
 g
en
om
e 
S
ho
tg
un
 R
N
A
-s
eq
 
S
an
ge
r 
se
qu
en
ci
ng
4.
36
 G
b
34
,4
98
76
X
20
13
O
ry
za
 b
ra
ch
ya
nt
ha
W
il
d 
sp
ec
ie
s 
of
 O
ry
za
 g
en
us
Il
lu
m
in
a 
G
A
 I
I 
pl
at
fo
rm
W
ho
le
 g
en
om
e 
S
ho
tg
un
29
7 
M
b
32
03
8
10
4 
fo
ld
20
13
Tr
it
ic
um
 u
ra
rt
u
W
il
d 
w
he
at
 r
el
at
iv
e 
do
no
r 
of
 
ge
no
m
e 
Il
lu
m
in
a 
H
iS
eq
ua
ti
on
 (
20
00
) 
pl
at
fo
rm
W
ho
le
 g
en
om
e 
S
ho
tg
un
 s
eq
ue
nc
in
g
4.
94
G
b
34
,8
79
 p
ro
te
in
-
co
di
ng
 g
en
e 
m
od
el
s
94
%
20
13
So
rg
hu
m
 b
ic
ol
or
,
So
rg
hu
m
 p
ro
pi
nq
uu
m
(M
ac
e 
et
 a
l.,
 2
01
3)
44
 li
ne
s 
of
 A
fr
ic
an
 S
or
gh
um
al
lo
pa
tr
ic
 A
si
an
 s
pe
ci
es
H
iS
eq
 2
00
0 
Il
lu
m
in
a 
pl
at
fo
rm
W
ho
le
 g
en
om
e 
re
se
qu
en
ci
ng
70
0-
77
2 
M
bp
19
34
8
16
–4
5
20
14
Sa
cc
ha
ru
m
. s
po
nt
an
eu
m
an
d 
S.
 o
ffi
ci
na
ru
m
(G
ra
ti
vo
l e
t a
l.,
 2
01
4)
W
il
d 
su
ga
rc
an
e 
sp
ec
ie
s
Il
lu
m
in
a 
G
A
II
 
m
ac
hi
ne
,
H
iS
eq
20
00
 m
ac
hi
n
ge
no
m
e 
se
qu
en
ci
ng
 
by
 m
et
hy
la
ti
on
 
fi
lt
ra
ti
on
93
0 
M
b 
(o
ne
 
m
on
op
lo
id
 
ge
no
m
e)
98
.4
%
 o
f 
so
rg
hu
m
 
pr
ot
ei
n 
se
qu
en
ce
s
13
4X
20
14
B
ra
ch
yp
od
iu
m
 d
is
ta
ch
yo
n 
(G
or
do
n 
et
 a
l.,
 2
01
4)
6 
di
ve
rg
en
t l
in
es
Il
lu
m
in
a 
se
qu
en
ci
ng
D
ee
p 
se
qu
en
ci
ng
27
2 
M
b
33
,6
26
92
.6
–9
6.
8%
 o
f 
th
e 
re
fe
re
nc
e 
ge
no
m
e
20
14
Tr
it
ic
um
 a
es
ti
vu
m
 
(K
. F
. X
. M
ay
er
 e
t a
l.,
 2
01
4)
C
hr
om
os
om
e 
ba
se
d 
dr
af
t s
eq
ue
nc
e 
of
 C
hi
ne
se
 s
pr
in
g 
cu
lt
iv
ar
Il
lu
m
in
a 
se
qu
en
ci
ng
In
di
vi
du
al
 
ch
ro
m
os
om
e 
ar
m
s
17
G
b
12
4,
20
1 
ge
ne
 lo
ci
61
%
 o
f 
ge
no
m
e 
se
qu
en
ce
© Plant Breeders Union of Turkey (BİSAB)
5
Graph 1.This graph depicts the progress over recent years with most of the progress in crop genome sequencing 
skewed between 2009-2014 (correlating with the progress in next generation sequencing). Note the size of 
wheat genome as compared to all the rest of the grasses. Identical grasses are depicted in the same colour.
drafted. Through the availability of wheat genomic 
data RNA-seq and exome capture have facilitated 
SNP identification and thus genome specific markers 
which can facilitate precise mapping of grain iron and 
zinc traits by marker assisted selection. This can result 
in availing all the genomic data resources in order 
to biofortify crops such as wheat with zinc and iron 
(Borrill et al. 2014).
Future prospects
This massive and continually increasing reservoir 
of plant genome sequence data is a huge step forwards 
in terms of speed and technology for plant breeders. 
They have become reliant on DNA marker assessment 
in seedlings for rapid elucidation of desired traits, 
rather than laboriously wasting time for a plant to 
mature. Although the progress is considerable in 
non-cereal plants and some cereals like rice, maize, 
Brachypodium and sorghum but still even the survey 
sequences of wheat provide a clear picture of DNA 
markers and genes in the vicinity of these markers and 
thus creating more precision for molecular breeding. 
Nevertheless the complete high quality genome 
sequence is essential for pin pointing the precise 
gene loci of a trait. This would facilitate in creating 
considerably tolerant and superior crop varieties 
(Pennisi 2014).
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